Zonal flow appears in toroidal, magnetically confined plasmas as part of the self-regulated interaction of turbulence and transport processes. For toroidal plasmas having a strong toroidal magnetic field, the zonal flow is predominately poloidally directed. This Letter reports the first observation of a zonal flow that is toroidally directed. The measurements are made just inside the last closed flux surface of reversed field pinch plasmas that have a dominant poloidal magnetic field. A limit cycle oscillation between the strength of the zonal flow and the amplitude of plasma potential fluctuations is observed, which provides evidence for the self-regulation characteristic of drift-wave-type plasma turbulence. The measurements help advance understanding and gyrokinetic modeling of toroidal plasmas in the pursuit of fusion energy.
Achieving good confinement is necessary for fusion reactors to extract energy in a sustainable fashion. In advanced plasma confinement devices such as tokamaks and optimized stellarators, turbulent transport is typically the main contributor to the anomalously high energy and particle transport levels that have been experimentally observed [1, 2] . Turbulence is a nonlinear process whose random nature is incompatible with deterministic descriptions. Even though significant progress has been made both theoretically and experimentally over the last decades toward understanding turbulent transport, further investigation is still required.
Under certain circumstances, turbulence generates zonal flows, radially localized flows with the symmetric structure in the poloidal and toroidal directions, i.e., a mode number of m=n ¼ 0=0 [3] [4] [5] . Since zonal flows are associated with localized radial electric fields, and the resulting E × B drifts, they are poloidally directed in tokamaks and stellarators, whose magnetic field direction is mostly toloidal in the entire plasma. One example in which zonal flows may play an important role is in the initial stages of transport barrier formation. Transport barriers (TBs) locally reduce turbulent amplitudes and significantly improve the confinement [6, 7] . A transition between low and high confinement (L-H transition), where an edge TB appears, has been modeled by a predator-prey system in which zonal flows and equilibrium flows (predators) suppress turbulence (prey) through flow shear [7, 8] . The interaction between those quantities leads to the critical energy input and bifurcation phenomena, which are the characteristics of the L-H transition. However, many measurements over several devices have found that the predator-prey paradigm is not always consistent with experimental observations, and consensus on the mechanism for the L-H transition has yet to be reached [9] [10] [11] . In addition, TBs also form in the core. Zonal flows are tied to and possibly trigger this internal TB [5, 12, 13] .
Zonal flows are a key part of self-regulated plasma turbulence. They feedback on turbulence through the sheared flow they produce and by catalyzing nonlinear energy transfer between unstable and stable modes [14] . In gyrokinetic simulations, the dominant mechanism is the zonal flow-mediated transfer of energy to stable modes, while the enhancement of turbulence decorrelation due to shearing is relatively weaker. Understanding zonal flows potentially provides a path for optimizing magnetic configurations. For instance, theoretical investigations of zonal flows in some stellarator magnetic configurations suggest zonal flows can be manipulated to control turbulence [15] [16] [17] . Moreover, a deeper understanding of the physics associated with zonal flows and their impact on transport will be helpful in the further development of other classes of fusion devices, such as tokamaks.
In this Letter, the observation of a zonal flow in the edge of a reversed field pinch (RFP) is reported for the first time. Given their importance, comprehensive understanding of zonal flows will further improve the performance of confinement devices regardless of the basic mechanisms under which they operate. To this end, it is critical to characterize zonal flows in wide parameter ranges. Measurements of zonal flows in the RFP expand the parameter range of zonal flow phenomena. In the RFP, larger magnetic shear, large magnetic fluctuation levels, and ultralow safety factor q create significant differences in zonal flow drive, sustained zonal flow levels, and neoclassical screening, and therefore probe underlying physics. Unlike tokamaks or stellarators, the magnetic field is mostly poloidally directed in the edge, as shown in Fig. 1 , and a radial electric field E r leads to the E × B drift in the toroidal direction. Because of the ultralow q, very high values of the Rosenbluth-Hinton (RH) zonal flow residual have been predicted in this regime [18, 19] . The zonal flow residual is a measure of the ability of the plasma to maintain a zonal flow created by an impulsive perturbation. Simulations show zonal flow residuals in the RFP of Φ res =Φ 0 > 0.9, versus values of Φ res =Φ 0 < 0.2 for tokamaks of similar aspect ratio.
The measurements are conducted on the Madison symmetric torus (MST), a RFP with major radius R ¼ 1.5 m and minor radius r ¼ 0.5 m. The last closed flux surface (LCFS) is defined by a graphite toroidal rail limiter located on the outboard midplane. In standard MST discharges, fluctuations and transport are dominated by unstable global tearing modes, a situation known to degrade zonal flow activity [20] . Tearing modes in MST can be significantly reduced by applying an inductive current profile control technique [21] . With the tearing mode amplitudes reduced, the density gradient becomes large in the edge, and density-gradientdriven trapped electron modes (TEMs) are unstable [18, 22, 23] . Importantly, gyrokinetic modeling indicates that electrostatic particle and electron heat transport peak at a relatively large scale for microinstabilities (k y ρ s ≈ 0.2-0.4) and are regulated by zonal flows [18, 22] . Observations here of limit cycle behavior between the zonal flows and the turbulence provide the first experimental investigation of the regulation process in the RFP where zonal flows are also subject to degradation by magnetic fluctuations. The TEM turbulence also contributes significantly to impurity transport and probably to the bulk particle transport as well [24] . For this study, current-profile-controlled discharges with plasma current I p ¼ 200 kA and line-averaged density n e ¼ 0.8 × 10 19 m −3 are used. The experimental setup for the zonal flow measurement and the magnetic configuration of a RFP are shown in Fig. 1 . The profiles of radial electric field E r are measured at two locations using multichannel linear capacitive probes [25] , probe 1 and probe 2. Both probes are identical and have a spatial resolution of 7 mm and a temporal resolution of f 3 dB ¼ 680 kHz. As opposed to Langmuir probes that require biased electrodes or voltage sweeping to derive the plasma potential V p , capacitive probes are intrinsically sensitive to only V p due to the high secondary electron generation by the boron nitride particle shield. Therefore, E r and the associated E × B flow can be unambiguously determined by simply evaluating the difference in the V p measurements between adjacent electrodes. The two probes are separated by 180°t oroidally and 75°poloidally.
Figures 2(a) and 2(b) show the time evolution of the E r profiles measured by probes 1 and 2, respectively. High frequency components are removed by using a moving average filter with a width of 200 μs. The distance measured from the LCFS is defined as d 1 and d 2 for probes 1 and 2, respectively, where d 1;2 < 0 cm corresponds to radial locations outside the LCFS, and d 1 < −1.3 cm is inside a porthole. At 10 ms, inductive current control flattens the current gradient, and the tearing mode amplitude starts to decrease. Note that there are wells in E r near the LCFS before 10 ms, and they move inward from 10 to 16 ms. The small inward shifts are likely due, in part, to the changing equilibrium during the inductive current profile control. Until 16 ms, the depth of the E r well is correlated with the magnetic fluctuations. When the magnetic fluctuation amplitude spikes at a reconnection event, the Er well becomes deeper. This relation is also observed in standard RFP plasmas without the current profile control [26] . As Fig. 2(d) shows, the tangential magnetic fluctuation amplitude stays less than 1% after 16 ms. After the suppression of magnetic fluctuations is achieved, the soft x-ray emission, which is directly related to the core electron temperature, starts to increase significantly. After 16 ms, V p fluctuation amplitude at d 1 ¼ 1.7 cm shown in Fig. 2(c) is also reduced significantly.
In order to investigate the statistical nature of the radial electric field fluctuationẼ r , the same time periods (17.5 < t < 21.6 ms) are extracted from 19 similar discharges, and an ensemble is made. In Fig. 3(a) , the power spectral density ofẼ r for the probe 1 location is shown. Near d 1 ¼ 1.3 and 3.4 cm, significant power is concentrated below 10 kHz with the peak near 0 Hz. The ion-ion collision frequency is estimated to be ∼3 kHz near the E r well. Therefore, the location and width of the peak in the power spectral density are in agreement with the characteristics of a zero-mean-frequency zonal flow [27] . Figure 3(b) shows coherence γ 2 between the minimum of the E r well in the probe 2 location (d 2 ¼ 3.1 cm) and eachẼ r in the probe 1 location. The ensemble has 66 realizations, and the statistical significance level is 1=66 ≈ 0.015. The frequency components below 5 kHz are highly coherent with those of the minimum of E r in the probe 2 location. Figure 3(c) shows the absolute values of the cross phase corresponding to Fig 3(b) . The cross phase is almost zero between the minima of the E r wells measured by probes 1 and 2 below 10 kHz. The long range correlation with the zero phase difference implies that the low frequency fluctuations (< 10 kHz) have a mode structure of m=n ¼ 0=0. On the other hand, the cross phase between the E r at d 1 ¼ 3.4 cm and the minimum of the E r well in the probe 2 location is almost 180°. The ion gyroradius in the edge of these discharges is about 1.5 cm. Therefore, as one moves inward from the minimum of the E r well by 2.5 cm, the phase of the low frequency fluctuations becomes out of phase, indicating that the radial localization of the flow at the E r well is on the order of the ion gyroradius. Based on these observations, the E × B flow associated with the E r well is identified as a zero-mean-frequency zonal flow. Gyrokinetic simulations have shown that oscillatory behavior of V p in response to a electrostatic potential perturbation, which is an indication of a geodesic acoustic mode (GAM) [28] , is effectively absent for the RFP configurations [18] . Absence of a GAM in this measurement is, therefore, consistent with expectations.
The coherence γ 2 shown in Fig. 3 starts to increase again as one passes d 1 ¼ 2.7 cm and approaches d 1 ¼ 3.4 cm in the low frequency range. The cross phase at d 1 ¼ 3.4 cm in Fig. 3(c) is near 180°. In addition, as can be seen Fig. 3(a) , the fluctuations below 10 kHz at d 1 ¼ 3.4 cm have more power than those at the minimum of the E r well at d 1 ¼ 1.3 cm. These observations indicate that there is another layer of a zonal flow that propagates in the opposite direction with respect to the first layer of a zonal flow near d 1 ¼ 1.0 cm. The temporal behavior of the zonal flow layers is illustrated in Fig. 4 , which shows the E × B drift velocity fluctuationṼ E×B associated with the E r fluctuations from 0.5 to 20 kHz. Other frequency components, including equilibrium values, are filtered out. The radial structure of V E×B flips the sign near d 1 ¼ 2.4 cm. Since there is no external torque input, the time evolution ofṼ E×B cannot be explained by a diffusive process, and there is an intrinsic torque driving the zonal flows. Radially localized E × B flows near the LCFS are also observed in standard RFP plasmas without the current profile control. Ion orbit losses or the Reynolds stress are possible mechanisms for the edge flow formation [29, 30] . However, long range correlations that indicate zonal flows are not observed in standard MST RFP discharges when the same diagnostic technique is applied [26] .
The zero-mean-frequency zonal flow is observed just inside the LCFS where zonal flows undergo limit cycle oscillations prior to the L-H transition of tokamaks in the predator-prey system [8] . The zonal flow in the RFP is also found to execute limit cycle oscillations. Figure 5(a) shows the time evolution of the depth of the E r well jĒ r;min j and the rms of the V p fluctuations above 20 kHz at d 1 ¼ 1.7 cm,Ṽ p . A moving average filter with a width of 100 μs is applied to calculate jĒ r;min j. The same time window is used to obtaiñ V p . Here, jĒ r;min j is a measure of the zonal flow amplitude. In Fig. 5(b) , the Lissajous curve corresponding to Fig. 5(a) is shown. First, the turbulence amplitudeṼ p increases, and the zonal flow amplitude jĒ r;min j follows with a time lag of ∼20°. This oscillation involving zonal flows and plasma potential fluctuations is indicative of zonal flow regulation, but differs from the limit cycle oscillations of Ref. [7] , where the zonal flow oscillation leads the oscillation of the turbulence signal by ∼90°. This difference suggests that the dynamics may be affected by processes not incorporated in existing models of the L-H transition [8] . Such processes might include the strong RH residual associated with ultralow q, the high sensitivity of density-gradient-driven TEM to zonal flows [18] , the degradation of zonal flows by the reduced but nonzero global magnetic fluctuations of current-profilecontrolled RFP plasmas [18, 20, 22, 31] , and energy transfer to large-scale stable modes.
In summary, the observation of a zonal flow that is directed primarily in the toroidal direction is reported for the first time in a toroidal magnetically confined plasma. The radial electric field profiles are measured using two multichannel linear capacitive probes in the edge of a reversed field pinch plasma for which a high RosenbluthHinton residual is predicted. Clear experimental evidence of a zonal flow is provided based on the long-range correlation consistent with the mode structure of m=n ¼ 0=0 and the radial localization of the E × B flow. Gyrokinetic modeling of these discharges has shown that trapped-electron mode turbulence is present and drives zonal flows, indicating that the turbulence is regulated by the zonal flows. Limit cycle oscillations involving the zonal flow and plasma potential fluctuations are observed, providing information about the regulation process. The phase characteristics of the limit cycle differ from those observed in early stage L-H transitions, suggesting that additional effects in zonal flow regulation present in the reversed field pinch affect predator-prey dynamics. Further studies are necessary to understand the precise interplay between zonal flows, turbulence, stable modes, and global magnetic fluctuations. Multiscale interactions, as they appear in MST plasmas, provide experimental impetus to go beyond plasma modeling that has typically been isolated to large-(e.g., magnetohydrodynamics) or smallscale (e.g., gyrokinetic) analysis.
Data shown in this Letter can be obtained in Supplemental Material [32] .
